Gallardo-Escárate, C., Á lvarez-Borrego, J., Del Río-Portilla, M. A., Cross, I., Merlo, A. and Rebordinos, L. 2005. Fluorescence in situ hybridization of rDNA, telomeric (TTAGGG) n and (GATA) n repeats in the red abalone Haliotis rufescens (Archaeogastropoda: Haliotidae). The physical location of 18S-5.8S-28S rDNA, telomeric sequences with (TTAGGG) n DNA probe and (GATA) n microsatellites were performed by fluorescence in situ hybridization in chromosomes of red abalone Haliotis rufescens. The karyotype of red abalone showed a diploid number of 36 (8M'/9SM'/1ST). FISH performed with rDNA probe, showed the location of major ribosomal clusters in the terminal region of the large arms of two submetacentric pairs (chromosome 4 and 5). Localization of heteromorphisms of FISH-rDNA was found between chromosome homologues and sister chromatids in all metaphases analyzed. This indicates that rDNA clusters are variable within the red abalone genome. The variability in the NOR-bearing reported using silver staining in other gastropods and our result are discussed. In addition, the presence of microsatellite (TTAGGG) n and (GATA) n was demonstrated after FISH treatment by DNA probes. The telomeric sequence occurred at the ends of all mitotic chromosomes, while the (GATA) n repetitive was found on chromosomal interstitial zones as well as at the telomeres in abalone chromosomes.
The red abalone Haliotis rufescens (Swainson, 1822) is the largest species of abalone in the world and the most desirable commercially for size and light meat color (OAKES and PONTE 1996) . Red abalone supports an important fishery on the California coast, and it is well suited for farming, as both land based and ocean based operations. Natural populations have been reported from Sunset Bay, Oregon in United States to Turtle Bay, Baja California in Mexico (COX 1962; LINDBERG 1992) .
Because of its commercial importance, several intensive studies have been carried out in abalones, including population genetic analysis, seed production, and ecology (LINDBERG 1992; GONZÁ LEZ and SCORESBY 1996; HAMM and BURTON 2000; ZÚ Ñ IGA et al. 2000 ; DEL RÍO-PORTILLA and GONZÁ LEZ-AVILÉ S 2001). However, the abalone fishery have has undergone a major decline since the 1960s (TEGNER et al. 1989) , and overexploitation, pollution, habitat degradation and epidemic disease have probably been the main factors to these declines (BURTON and TEGNER 2000) .
To date, few studies have been carried out in order to know genetic markers for population structure in the red abalone. Traditional allozyme studies have not detected any significant population differences, therefore molecular tools like microsatellites and mitochondrial markers have been used in order to detect such differences (KIRBY et al. 1998 ). In addition, cytogenetic analyses are also useful tools in population genetic studies. In this context, Ag-NORs and rDNA-FISH technique have been applied in Crassostrea angulata chromosomes, revealed high Ag-NORs and rDNA-FISH polymorphisms between natural populations. Differences found in localization of chromosomal rDNA could be related to the plasticity in molluscs to survive under a wide range of environmental conditions (CROSS et al. 2003) . Moreover, these results are in agreement with the NOR-bearing chromosome variability found with other molluscs (PASCOE et al. 1996; MARTÍNEZ-EXPÓ SITO et al. 1997; TORREIRO et al. 1999; MARTÍNEZ et al. 2002) . In reference to gastropod molluscs, few studies have been carried out, mainly because of the low number of species analyzed with cytogenetic molecular markers. In fact, available karyological data in gastropods indicate that less than 20 species have been analyzed cytogenetically using molecular techniques. However, to date, more than 300 species have been examined by conventional cytogenetics . In reference to abalones, nowadays there are not available karyological studies by FISH. In fact, 65 species have been reported for Haliotidae (LINDBERG 1992) , while only 15 species have been cytogenetically described (GALLARDO-ESCARATE et al. 2004 ). Moreover, karyological studies belonging from California abalones have only been performed on the black abalone H. cracherodii (MINKLER 1977) and recently on the red abalone H. rufescens (GALLARDO-ESCÁ RATE et al. 2004) .
In order to apply fluorescence in situ hybridization (FISH) in the red abalone, and thus contribute with new cytogenetic information, we organized the present paper with the followings aims: a) to examine the localization of 18S-5.8S-28S rDNA, b) to detect all rDNA-FISH clusters, c) to find telomeric sequences with (TTAGGG) n DNA probe and d) to ascertain the presence of (GATA) n microsatellites.
MATERIAL AND METHODS

Chromosome preparation
Chromosome preparation was performed according to GALLARDO-ESCARATE et al. (2004) . Briefly, trochophore larvae at 20 h postfertilization were maintained in colchicine treatment (0.005%) for 3 h. After that the larvae were rinsed in clean sea water and immersed in a hypotonic solution (sea water: distilled water, 1:1) for 45 min. Finally, larvae were fixed in modified Carnoy solution (methanol: acetic acid, 3:1). Chromosome spreads were obtained by dissociating larval tissue in acetic acid (50%), pipetting suspension drops onto slides preheated to 458C and air dried. Chromosomal measurements were performed by image analysis using Image Pro-Plus software (Copyright# 1993 Á/1998 Media Cybernetics). Total length, relative length and centromeric index were obtained for each chromosome pair. The best metaphase plates were used for fluorescence in situ hybridization analyses.
Fluorescence in situ hybridization
The chromosomal localization of rDNA sequence was performed using a probe containing 18S-5.8S-28S genes plus intergenic spacer of D. melanogaster (pDm238) (ROIHA et al. 1981) and cloned in pBR322 plasmid of E. coli (strain JM109). The plasmid purification was performed with a NucleoSpin † Plasmid kit (Macherey-Nagel) and it was labeled with Dig-Nick Translation Mix kit (Roche Molecular Biochemicals) according to manufacture's instructions. After obtaining the labeled probe, a hybridization solution was added at 728C for 7 min to denature the DNA probe and chromosomal DNA. FISH was performed at 378C overnight, followed by post-hybridization washes: three times for 5 min each in 50% formamide in 2 )/SSC at 448C, three times for 5 min each in 0.1 )/SSC at 608C, 5 min in 2 )/SSC at RT, 5 min in TNT at RT and 30 min in TNB at RT. Telomeric (TTAGGG) n and (GATA) n DNA probes were obtained by PCR in absence of DNA template. The primers (TTAGGG) 5, (CCCTAA) 5 and (GATA) 7 , (TATC) 7 were used according to IJDO et al. (1991) . Nick translation labelling and FISH were performed in conditions mentioned above and followed by post-hybridization at 428C (for telomeric probe) or 378C (for GATA probe). Signals of hybridization were detected with mouse anti-digoxigenine (0.5 mg ml
(1 ), FITC-conjugated Rabbit anti-Mouse (0.2 mg ml
(1 ), and FITC-conjugated Goat anti-Rabbit (0.1 mg ml
(1 ). Chromosome slides were mounted with propidium iodide plus Vectashield antifading medium (500 ng ml
(1 ). Fluorescence images were obtained using an epifluorescence microscope (Axioskop 2 plus, Zeiss) equipped with a cooled CCD camera (CoolSnap, Photometrics † Inc.).
RESULTS
All the metaphase plate analyzed from larvae of Haliotis rufescens showed a diploid complement of 2n 0/36 chromosomes. The karyotype is composed of eight metacentric pairs (1, 3, 6, 7, 14, 15, 17 and 18) , nine submetacentric pairs (2, 4, 5, 8, 9, 10, 11, 12 and 13) , and one pair of subtelocentric chromosomes (16) (Fig. 1) . The mean values and standard deviations of the total lengths, relative lengths and centromeric index were estimated from chromosome arm lengths.
The maximum length of the chromosomes was 6.299/0.08 mm and the minimum was 3.979/0.27 mm ( Table 1 ). The karyotypic arrangements of red abalone chromosomes jointly with rDNA-FISH, allowed visualization of several sites of 18S-5.8S-28S rDNA hybridization. The rDNA probe produced strong signals on the telomere of the long arms of two pairs of submetacentric chromosomes (pairs 4 and 5). Metaphase chromosomes from larvae showed heteromorphisms of rDNA-FISH between sister chromatids (chromosome 7) and low interstitial signals were presented in submetacentric as well as subtelocentric chromosomes (chromosomes 8 and 16 respectively) (Fig. 1) . However, the specific localization of regions with low intensity showed a high cytogenetic variability in the all analyzed metaphases. In addition, heteromorphisms with strong signal of rDNA-FISH were observed between homologues of both chromosomes 12 and 13 (Fig. 1) . Fluorescence in situ hybridization applied with the telomeric DNA probe showed that red abalone chromosomes were positive to the hexamer repeat sequence (TTAGGG) n . The hybridization signals were found at the ends of all analyzed chromosome types (Fig. 2a) . The visualization of interphase nucleus labelled with telomeric probe allowed evidence the distribution of telomeres at the nuclear periphery (Fig.  2b) . The presence of the (GATA) n sequence was observed in chromosomes of H. rufescens (Fig. 2c) . The localization of these regions was found in chromosomal interstitial zone as well as at the ends of some chromosomes, this was observed after FISH onto interphase nucleus (Fig. 2d) .
DISCUSSION
The chromosome number of Haliotis rufescens found in the present study was 2n 0/36. The karyological conformation was observed as 8M'/9SM'/1ST. This result is in agreement with the previously karyotype reported for the red abalone (GALLARDO-ESCÁ RATE et al. 2004) . Moreover, the chromosome complement of 36 is the most frequent among abalone species from North Pacific including H. discus discus (ARAI et al. 1982) , H. discus hannai (OKUMURA et al. 1999) , H. modaka (NAKAMURA 1986), and California abalones including H. cracherodii (MINKLER 1977) . However, there are some differences among the karyotypes of North Pacific species (Japanese abalones) and California abalones, mainly by an increase of the sub- To date, the most accurate technique to locate specific DNA sequences is the fluorescence in situ hybridization. In reference to rDNA-FISH, in the eukaryotic genomes genes of ribosomal RNA (rDNA) are organized in two distinct gene classes: the major rRNA gene cluster encoding 18S-5.8S and 28S rRNAs; and the minor rRNA gene cluster encoding 5S rDNA. The major rRNAs are usually found involving the nucleolar organizing region (NOR) on the chromosome in multiple-copy cluster in several molluscs studied (TORREIRO et al. 1999; ZHANG et al. 1999; GONZÁ LEZ-TIZÓ N et al. 2000; VITTURI et al. 2000b; XU et al. 2001; CROSS et al. 2003) . However, the 5S loci have been found separate from those rDNAs and, unlike major rDNA is not involved in NOR formation (INSUA et al. 2001 ). Other results, according to COLOMBA et al. (2002) showed that the 5S loci have been found co-localized in the periwinkle Melarhaphe neritoides. In addition, few studies rDNA-FISH have been applied in gastropod molluscs. According to VITTURI (2000a , results of rDNA-FISH in Cerithium vulgatum and in the neogastropod Fasciolaria lignaria showed that the major ribosomal sites are located at the terminal regions of one chromosome pair and four chromosome pair respectively, corresponding at two and eight NORs sites per spread. In abalones, to our knowledge NORbearing regions have only been reported in Haliotis discus hannai , by silver staining. According to OKUMURA et al. (1999) , NORs were terminally located on the long arms of two chromosome pairs. However, the specific localization showed to be variable among submetacentric chromosomes as well as metacentric chromosomes. These results, could be due because Ag-NORs can only be visualized in transcriptional active state. The silver nitrate staining only stains those NORs which have expressed themselves during the last interphase, because silver binds to a complex of acidic protein associated with the nucleolus and nascent pre-RNA (JORDAN 1987) . The fluorescence in situ hybridization allows specific identification of all 18S-5.8S-28S rDNA genes clusters independently their transcriptional state. In this context, our results in the red abalone showed rDNA-FISH on the telomere of the long arms of two pairs of submetacentric chromosomes. This result was in accord with the previous report for Haliotis discus hannai . In addition, heteromorphisms of rDNA-FISH between sister chromatids and low interstitial signals were presented in submetacentric as well as subtelocentric chromosomes. Moreover, heteromorphisms with strong signal of rDNA-FISH was observed between both homologues chromosomes. This indicates that the copy number of rDNA is variable and occurrence of mistakes of either deleting or duplicating the rDNA clusters during the replication state.
In the present study, we used in addition to the rDNA FISH, in situ hybridization with (TTAGGG) n and (GATA) n probes to test for the presence of these sequences in the red abalone H. rufescens chromosomes. The results demonstrated that telomeric sequence occurred at the ends of all mitotic chromosomes in abalones. In molluscs, conservation of the telomeric region has been reported in bivalves (GUO and ALLEN 1997; PLOHL et al. 2002) and gastropods and therefore, it can be considered that telomere repeat is widespread within the Mollusca. Likewise, the genome of the red abalone, revealed (GATA) n microsatellite sequence. This result was according to that reported in other gastropods species (VITTURI et al. 2000a; COLOMBA et al. 2002) . Finally, future studies by FISH using other DNA probes in more abalone species would allow localizing other genes of interest as well as characterizing the chromosomes of the karyotype of Haliotis.
